The viscometric behaviour of polyacrylonitrile solutions in dimethylformamide has been examined in dilute and extremely dilute regimes of concentration. For semidilute and concentrated solutions, viscoelastic properties were determined and discussed. The overlap concentration was evidenced as being the crossover of two scaling laws characterizing the entangled and nonentangled solution regimes.
Introduction
The properties of polyacrylonitrile in solution have been investigated in different concentration regimes: extremely dilute, dilute and semidilute [1] . In dilute polymer solution, the reduced viscosity is proportional to concentration as indicated by the Huggins equation. The viscosity of a polymer solution in the extremely dilute region usually reveals some abnormalities such as the curves of reduced viscosity plotted against concentration that show either an upward or a downward turn as the concentration is below definite concentration [2] [3] [4] . The experimental works present some difficulties at such low concentrations of polymer because systematic errors appear in the evaluation of the intrinsic viscosity, being originated from the improper technique by which the viscosity of polymer solution is determined at very low concentrations.
Despite the considerable efforts, the understanding of the anomalous viscosity behaviour of neutral polymer solutions at low concentrations is still far from complete. In the case of PAN solutions, such behaviour was attributed either to the losses of polymer caused by adsorption of the polymer molecules on the walls of the viscometer which decreases considerably the effective diameter of the viscometer capillary either to an expansion of the individual coils, drainage, kinetic energy effects or conformational changes of macromolecules in solution [5] .
With increasing the polymer concentration, the intermolecular interactions appear and the polymer coils touch each other and eventually overlap to form an entangled network.
For rheological studies, it has been found useful to distinguish the regime of particle solution and the regime of network solution [6, 7] . In the particle solution the concentration is so low that the rheological units are the isolated particles. This regime can be found at very low concentrations when the intrinsic viscosity describes the properties of the dissolved macromolecules. 3.5 in the network solution regime. Both scaling curves cross at a point which determines the onset of the network solution and defines the critical molecular weight M c =2M e , where M e is the molecular weight of a polymer chain between two entanglements. For the polymer solutions, M c depends additionally on the concentration c. In more refined theories concerning the polymer solutions, log [η] is plotted vs. Log ([η]⋅c) (or log (M⋅c)) and the critical value is regarded as true indication of the beginning of overlapping [8, 9] . Network solutions show strongly shear dependent viscosity, solution elasticity and more or less obvious time dependence in a time scale which varies between fractions of a second for polymer solution and many minutes for gel-like systems.
In the present paper, we investigate the viscometric behaviour of polyacrylonitrile solutions in dimethylformamide in different concentration regimes.
Results and discussion

Intrinsic viscosity of PAN solutions
Viscosity measurements yield data at finite concentration from which the intrinsic viscosity, [η], must be evaluated. The most general relationship between the intrinsic viscosity and dilute solution viscosity takes the form of power series in concentration (c): The values of the intrinsic viscosity determined by applying the Eq. 2 to the experimental data for which 1.2 < η r < 1.9 are close to those determined from the initial slope (Eq. 3).
Tab. 1. Weight average molecular weights and polydispersity indices of PAN samples as well as the intrinsic viscosities in DMF at 25 °C calculated according to different approaches.
Sample
M w x 10 
Viscoelastic behaviour of PAN solutions
Previously [1] it was shown that the limit between semidilute and concentrated regimes for PAN solutions in DMF at 25 °C is around 6 g/dL and this value is independent on molecular weight. In this work, viscoelastic behaviour was investigated for semidilute (1 g/dL, 3 g/dL and 5 g/dL) and concentrated (8 g/dL, 10 g/dL and 14 g/dL) PAN solutions.
In the oscillatory tests a sinusoidal stress (or strain) was applied to the upper plate of the rheometer and the resulting strain can be determined through the components of the complex modulus, * G , that are in phase with the input (elastic response) and π/2 out of phase with the input (viscous response):
where ' G (storage or elastic modulus) and " G (loss or viscous modulus) give information on energy storage and energy dissipation during the flow, respectively. Prior to rheological measurements of PAN solutions, suitable amplitude sweep test was realized by measuring the shear stress dependence of moduli at different oscillation frequencies to ensure the linearity of dynamic viscoelasticity for each sample. Thus, for samples 1-3 (Table 1 ) with molecular weight up to 4.5x10 4 , linear viscoelastic domains were reached for ω = 10 rad/s. For higher molecular weight samples (4 and 5, Table 1 ), the linear viscoelastic behaviour was observed at a lower frequency, i.e., ω = 5 rad/s. Figure 3 shows two examples of amplitude sweep tests for 1 g/dL PAN sample 5 and 10 g/dL PAN sample 3 at 25 °C. The shear viscosity obtained at different temperatures in the range of 10 °C to 60 °C were used to calculate the activation energy (E a ) by using an Arrhenius type equation:
where R -the universal gas constant (8.314J/K⋅mol), T -the absolute temperature
The values of the activation energy increase with increasing the polymer concentration from 5.05 kJ/mol for 1 g/dL to 55.24 kJ/mol for 10 g/dL. gives a scaling exponent of 1.
For the entangled solutions the shear thinning behaviour can be observed at a certain value of the shear rate. Also, the viscosity strongly increases with increasing the polymer concentration (or molecular weight) and a scaling exponent of 3.5 was obtained from the dependence of the specific viscosity as a function of the overlap
Experimental part
Polyacrylonitrile (PAN) under study was synthesized by radical polymerization in benzene using 2,2'-azobisisobutyronitrile as initiator at 60 °C. The resulting samples were filtered and purified by dissolution in dimethylformamide (DMF), followed by precipitation in methanol, then dried under reduced pressure at room temperature. The samples were submitted to fractionation by using DMF-methanol mixtures as solvent-precipitant systems.
The molecular weights were determined by gel permeation chromatography (GPC) using a PL-EMD 950 Evaporative Mass Detector equipped with 2xPLgel 5 μm MIXED-C, 300x7.5 mm columns. The column system was thermostated at 25 °C. Calibration was done using standard polystyrene with narrow polydispersity. The samples were eluted with DMF and the flow rate was 0.7 mL/min. The volume of the injected polymer solutions was always 20 μl. The polymer solutions were prepared and kept at room temperature for several days. Table 1 gives the molecular weights, polydispersity indices of PAN samples obtained in DMF at 25 °C.
The viscometric measurements were carried out in DMF over a large domain of concentrations, at 25 °C, with an Ubbelohde suspended-level viscometer. The kinetic energy corrections were found to be negligible. The flow time for the solvent was 166.25 s. The flow volume of the viscometer was greater than 5 mL, making drainage errors unimportant. Flow times were obtained with an accuracy of ±0.02%.
The rheological measurements were performed in the temperature range of 10 °C to 60 °C using a stress controlled CVO Rheometer with parallel plate geometry (60 mm diameter and 500 μm gap) and thermal control by Peltier effect. The sample was placed between preheated fixtures and 500 s were allowed to reach the thermal equilibrium before the test started. Measurements were carried out within linear viscoelastic region obtained by sweep tests and no preshear was applied. The dynamic properties were determined in the frequency range of 0.01 -100 rad/s at constant shear stress.
